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We report on the study of magneto-photogalvanic and magnetotransport phenomena in 200 nm
partially strained HgTe films. This thickness is slightly larger than the estimated critical thickness
of lattice relaxation leaving the film partially relaxed with the value of the energy gap close to zero.
We show that illumination of HgTe films with monochromatic terahertz laser radiation results in a
giant resonant photocurrent caused by the cyclotron resonance in the surface states. The resonant
photocurrent is also detected in the reference fully strained 80 nm HgTe films previously shown to
be fully gapped 3D topological insulators. We show that the resonance positions in both types of
films almost coincide demonstrating the existence of topologically protected surface states in thick
HgTe films. The conclusion is supported by magnetotransport experiments.
I. INTRODUCTION
Mercury cadmium telluride structures recently at-
tracted growing attention as a material for fabrication of
the highest quality two- and three-dimensional topolog-
ical insulators (TIs).1 Bulk mercury telluride is known
to be gapless, therefore, in order to obtain a topologi-
cal insulating state one uses either size quantization in
quantum well structures (for 2D TIs2) or tensile strain
to open a gap (3D TIs3). The strain naturally appears
when HgTe films are grown on CdTe substrates having
0.3% lattice mismatch. It was shown that 70-80 nm thick
HgTe films adopt the CdTe lattice constant, which re-
sults in an energy gap of around 15 meV.3,4 A charac-
teristic feature of such films is the existence of topolog-
ically protected surface states. Their presence was first
demonstrated by observation of the spin quantum Hall
effect.3 The properties of surface states have been com-
prehensively studied using magnetotransport3–8 and ca-
pacitance spectroscopy,9 as well as optical and photogal-
vanic spectroscopy.10–13 Though study of thicker HgTe
films is also of indubitable interest, the requirement of
strain produced by the lattice mismatch implies the ex-
istence of a critical thickness above which the gap should
close since the strain relaxes due to formation of dislo-
cations. According to previous works, the critical film
thickness of HgTe grown on CdTe is expected to lie
between 100 and 200 nm.3,4 The questions are whether
in such relaxed films the topological surface states are
still present and how their properties are affected by the
presence of bulk carriers. Very recent magnetotransport
measurements14 combined with capacitance spectroscopy
provide a first clear indication of the presence of surface
states in 200 nm partially relaxed HgTe films with almost
zero bulk energy gap.
Here we report on the study of magneto-photogalvanic
phenomena supported by temperature-dependent mag-
netotransport measurements in 200 nm HgTe films. Our
results demonstrate that, while the thickness of these
films is slightly larger than the estimated critical thick-
ness of lattice relaxation, the surface states with char-
acteristics similar to the fully strained 80 nm films can
be clearly detected. In particular, both for 200 and
80 nm films we observe the cyclotron resonance (CR) in-
duced photogalvanic effect exhibiting two resonant fea-
tures characterized by slightly different cyclotron masses
and corresponding to the top and bottom surface states.
The positions of resonances in the photovoltage coincide
with the CR dips in simultaneously measured magne-
totransmission. The experimental results and analysis
of the THz photocurrent and magnetotransmission are
complemented by magnetotransport measurements.
II. SAMPLES, MAGNETOTRANSPORT DATA
AND EXPERIMENTAL SETUP
Our experiments have been carried out on high-
mobility HgTe films with a thickness of 200 and 80 nm
grown via molecular beam epitaxy. Here, the HgTe film
is embedded between two layers of Cd0.6Hg0.4Te which
work as cap and buffer layer. The cross section of the
structure is sketched in Fig. 1(a). The structures with
200 nm films are fabricated on (013)-oriented GaAs sub-
strates and the reference 80 nm films on either (013)- or
(001)-oriented substrates. Note that 200 nm films pro-
cessed from the same wafer were also used for magne-
totransport measurements in Ref. [14]. The films were
grown on a 4µm thick, fully relaxed CdTe layer de-
posited on a thin ZnTe layer, see Fig. 1(a). Square
shaped 5 × 5 mm2 samples have been fabricated, with
one of the edges oriented along x ‖ [100] being a cleaved
edge face. This geometry allows us to measure radia-
tion transmission through the sample and THz radiation
induced photocurrents simultaneously. For the photocur-
rent and magnetotransport measurements, four ohmic
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FIG. 1: Panel (a) Cross-section of the investigated structures.
The 200 and 80 nm thick HgTe films were grown on (013)- and
(001)-oriented GaAs substrates. (b) Experimental setup of
the photocurrent and radiation transmission measurements.
contacts in the corners and four in the middle of the
sample edges have been prepared, see Fig. 1(b). To vary
the Fermi level position some of the 200 nm structures
were equipped with semitransparent NiCr (14 nm thick)
gates on top of 100 nm Al2O3 films grown by atomic layer
deposition.
The magnetotransport measurements were performed
in magnetic field B up to 7 T oriented normal to the
HgTe film using standard low-frequency lock-in technique
with a driving current of 1µA. The obtained longitudinal
(ρxx) and Hall (ρxy) sheet resistances of the 200 nm HgTe
film, shown in Figs. 2(a) and 2(b) for selected tempera-
tures in the range from 4.2 to 110 K, display behavior
similar to the previously investigated 80 nm films,4,12,14
with the nonlinear N -type Hall resistance indicating the
coexistence of electrons and holes. The change of sign of
the Hall resistance with temperature at high B indicates
thermal activation of carriers. The hole-dominated trans-
port at low temperature is in accordance with previous
works revealing that in ungated HgTe films the Fermi
level is effectively pinned to the valence band.4,12 The
electron contribution to the conductivity at low temper-
atures is attributed to surface states, and at high temper-
ature is enhanced by an increased fraction of bulk elec-
trons. Using classical two-carrier Drude model,4,15 from
ρxx(B) and ρxy(B) we extracted densities and mobilities
of electrons and holes in the system. The obtained tem-
perature dependencies are shown in panels (c) and (d) of
Fig. 2.
Photocurrent and magnetotransmission measurements
have been performed applying radiation of a contin-
uous wave (cw) optically pumped molecular gas tera-
hertz (THz) laser.16–19 The laser lines with frequencies
of f = 2.54, 1.62, and 0.69 THz (wavelengths λ = 118,
184, and 432µm) were obtained using methanol, di-
flouromethane, and formic acid as an active media, re-
spectively. The incident power, P , depends on the partic-
ular laser line and ranges from 5 mW for f = 0.69 THz to
30 mW for f = 2.54 THz. The structures were placed in a
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FIG. 2: Magnetotransport data for the 200 nm HgTe film.
Panels (a) and (b) show the magnetic field dependencies of the
longitudinal sheet resistance ρxx(B) and the Hall resistance
ρxy(B) measured on a square-shaped van der Pauw sample.
Panels (c) and (d) display the temperature dependencies of
electron and hole densities ns and ps, respectively, as well as
the corresponding mobilities µe and µh. The dependencies
were extracted via fitting of ρxx(B) and ρxy(B) traces using
classical Drude theory. We do not present fitted values for
the electron mobility at low T , where the procedure is not
reliable because of low electron density. An expected mobility
dependence is shown by the dashed line.
temperature-regulated Oxford Cryomag optical cryostat,
which for temperature T = 4.2 K and below works as a
He bath cryostat and for higher temperatures as a contin-
uous flow cryostat. Samples were attached to an eight-pin
socket and illuminated through z-cut crystal quartz win-
dows. A thick black polyethylene film which is transpar-
ent in the terahertz range was mounted on the windows
and prevented uncontrolled illumination of the sample
with room light in both visible and infrared ranges. Off-
axis parabolic mirrors were used to focus the laser radia-
tion at the center of the sample. The laser beam shape at
the position of the sample was measured with a pyroelec-
tric camera.20 These measurements yielded the laser spot
diameters (full width at half-maximum) of 1.5, 2.3, and
3.0 mm for laser lines with f = 2.54, 1.62, and 0.69 THz,
respectively. Using these values, peak intensities were
calculated. The radiation of the molecular gas laser is
polarized linearly with the polarization axis depending
on the particular laser mode.21 In some measurements
we implement right- (σ+) and left- (σ−) handed circu-
larly polarized radiation obtained using λ/4 plates made
of x−cut crystal quartz. Laser radiation was modulated
at chopper frequency and photoresponse was measured
applying standard lock-in technique, either as photocur-
3rent Jx,y or the corresponding photovoltage Ux,y ∝ Jx,y
picked up across 50 Ω or 10 MΩ load resistors, respec-
tively, see Fig. 1(b). The photoresponse was mostly mea-
sured for the normal incidence of the THz radiation and
in presence of a magnetic field B up to 7 T applied nor-
mal to the film surfaces. In some measurements specified
below samples were rotated around the y-axis yielding
simultaneously a variation of the normal magnetic field
component and an oblique incidence of the THz radia-
tion. Concurrent with the photogalvanic signal, we mea-
sured the radiation transmission using a pyroelectric cell
detector placed behind the sample, see Fig. 1(b).
III. EXPERIMENTAL RESULTS
IV. EXPERIMENTAL RESULTS ON THE
PHOTORESPONSE
Figure 3(a) shows the magnetic field dependence of
the photosignal induced by illumination of a 200 nm
HgTe film at T = 30 K with terahertz radiation of
f = 1.62 THz. The data were obtained for normal inci-
dence and magnetic field applied perpendicularly to the
film plane. Two resonant peaks of the photosignal are
clearly detected at magnetic fields BCR1 = 1.6 T and
BCR2 = 2.5 T. While for linearly polarized radiation the
peaks are detected for both magnetic field polarities, in
the case of circularly polarized radiation they are only
present for a single polarity (namely, positive B for the
right-handed circular polarization σ+, and negative B
for the left-handed polarization σ−), see Figs. 4(a) and
4(b).22 Figure 4(b) also reveals that the resonant photo-
voltage signals Ux ∝ Jx can be either positive or negative,
see discussion below.
The resonant features with the same polarization de-
pendence and at very close magnetic field positions are
also detected in the radiation transmission measured si-
multaneously with the photosignal. These results are
shown in Fig. 3(b) together with a fit after Eqs. (1), (2),
and (3) obtained with fitting parameters BCR1 and BCR2,
carrier densities and mobilities in top and bottom surface
states, and the Fabry-Perot interference phase φ. Note
that while in the photoresponse two peaks can always be
resolved, in the transmission we observe that the resonant
dips at high temperatures merge, see Fig. 5(a). Apply-
ing different laser lines we found that the resonance po-
sitions linearly scale with the radiation frequency f , see
Fig. 6. All these facts reveal that the observed resonant
features in the photoresponse and magnetotransmission
are caused by the cyclotron resonance.
Depending on the experimental conditions, both posi-
tive and negative resonant photocurrents have been de-
tected. This is seen in Fig. 4(b), where the resonant pho-
tocurrents at ±BCR1 have opposite signs, whereas the
resonant photocurrents at ±BCR2 are positive for both
polarities of the magnetic field. Furthermore, the sign
of the resonant photocurrent can be either the same or
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FIG. 3: Magnetic field dependence of the photosignal
Ux ∝ Jx, panel (a), and of the simultaneously measured ra-
diation transmission, panel (b). The data were obtained on
the 200 nm HgTe film at T = 30 K excited by linearly (black
curve, circles) and circularly (red curve) polarized radiation
of frequency f = 1.62 THz. Vertical arrows indicate posi-
tions of the resonant peaks. Solid line in panel (b) displays
fit after Eqs. (1), (2), and (3) obtained with fitting param-
eters BCR1 = 1.8 T and BCR2 = 2.5 T , Fabry-Perot inter-
ference phase φ = 8◦, and with carrier densities and mobili-
ties in top and bottom surface states n1 = 1.0 × 1011 cm−2,
µ1 = 3.5 × 104 cm2/V·s, and n2 = 0.4 × 1011 cm−2, µ2 =
8× 104 cm2/V·s, respectively.
opposite for the x- and y-projections of the total pho-
tocurrent. This is illustrated in Fig. 7 demonstrating
resonant photosignals Ux ∝ Jx and Uy ∝ Jy. Moreover,
the sign of the photoresponse may change under vari-
ation of such experimental parameters as temperature.
This is shown in Figs. 7(a) and 7(b) for the resonances
in Uy ∝ Jy at BCR2 for temperatures 40 and 60 K. Note
that similar variations of photocurrent projections on x
and y directions with temperature and wavelength have
been previously reported for (013)-grown samples studied
in the absence of magnetic field.23
To conclude on whether the observed resonances orig-
inate from carriers in the bulk of the HgTe film or those
occupying two-dimensional surface states, we carried out
measurements with the magnetic field tilted by an an-
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FIG. 4: (a) Magnetic field dependencies of the photosignal
measured in a 200 nm thick film for right- (blue curve) and
left- (red curve) circularly polarized radiation. (b) - (d) Typ-
ical magnetic field dependencies of the photosignal measured
in films of different thicknesses at various temperatures for
right- (blue curves) and left- (red curves) circularly polarized
radiation. The figures demonstrate that photovoltage may
display both even and odd behavior upon inversion of the
magnetic field.
gle θ. The inset in Fig. 6 shows that positions of the
resonances are determined by the magnetic field com-
ponent Bz, normal to the film surface. Indeed, cal-
culating from the peak positions BCR1,2 the values of
BCR1,2z = BCR1,2 cos(θ), we obtain that both resonance
positions BCR1,2z do not depend on the angle θ. This find-
ing clearly indicates the two-dimensional nature of car-
riers responsible for the observed resonant effects. Cy-
clotron masses calculated from the resonance positions
are given in Tab. I.
In order to provide an additional support for the con-
clusion that the observed resonant photocurrent and
transmission stem from two-dimensional surface states,
we studied the dependence of the CR assisted photocur-
rent on the Fermi energy position using gated structures
with 200 nm HgTe layers, see Fig. 8. The data show that
with increasing the gate voltage and, therefore, Fermi en-
ergy, the resonance at BCR1 shifts towards higher mag-
netic fields. Due to the linear dispersion, this behavior is
typical for surface states. The position of the resonance
at BCR2 is, however, almost independent of the gate volt-
age. The resonance at BCR2 is attributed to the bottom
surface, whose electron density is not much influenced by
Sample BCR1, T BCR2, T mCR1/m0 mCR2/m0
200 nm (013) 1.8 2.5 0.031 0.043
80 nm (013) 1.6 2.2 0.028 0.038
80 nm (001) 1.3 1.7 0.023 0.030
TABLE I: Cyclotron resonance positions and corresponding
cyclotron masses extracted from transmission measurements
at T = 40 K using f = 1.62 THz radiation on the 200 nm
thick HgTe film grown on (013)-oriented substrate, and on
80 nm thick HgTe films grown on (013)- and (001)-oriented
substrates.
the gate voltage. The same behavior has been observed in
80 nm thick films, both in CR (see Fig. 8 in Ref. [12]) and
magnetotransport measurements (see Fig. 1 in Ref. [4)],
as well as in magnetotransport measurements on 200 nm
films made from the same wafer, see Fig. 3 in Ref. [14].
In particular, magnetotransport experiments show that
indeed the filling rates dNs/dUg for the top and bottom
surface states are considerably different due to electro-
static screening of the bottom surface by the top one.
From the resonance positions of the top surface state re-
sponse we determined the gate voltage dependence of the
cyclotron mass of the top state, see inset in Fig. 8.
Cyclotron resonance in transmission as well as the CR
induced photocurrents are also detected in fully strained
80 nm HgTe films, which were previously shown4,12 to be
fully gapped 3D topological insulators. Radiation trans-
mission data measured in 80 nm thick films grown on
(013)- and (001)-oriented substrates together with cor-
responding fits after Eqs. (1), (2), and (3) are shown in
Figs. 5(b) and 5(c). Comparison of the resonant peak
positions detected for 200 and 80 nm films is given in
Tab. I. It shows that in (013)-oriented films the positions
of resonances are very close despite quite different thick-
nesses of the films. In previous study, see Ref. [12], it
has been shown that such two resonances originate from
the topological surface states at the top and bottom in-
tefaces of the 80 nm HgTe film. The coincidence of the
resonance positions in the 200 and 80 nm films thus indi-
cates that also in our thicker sample the resonances can
be attributed to the top and bottom surface states. For
the 80 nm films grown on (001)-surface, however, both
resonances are detected at about 25% lower magnetic
fields. Like in 200 nm samples, the photocurrents mea-
sured in 80 nm films of both crystallographic orientations
show helicity-sensitive resonances at magnetic fields cor-
responding to the CR positions detected in the radiation
transmission, see Figs. 5(b) and 5(c). Note that in 80 nm
films we also observe different signs of the resonant re-
sponses for positive and negative magnetic fields, see for
instance Fig. 5(c), as well as for different contact pairs or
temperatures.
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FIG. 5: Magnetic field dependencies of the radiation transmis-
sion obtained for right-handed (positive B) and left-handed
(negative B) circularly polarized radiation on HgTe films
of different thicknesses. Solid lines show fits according to
Eqs. (1), (2), and (3) obtained with fitting parameters BCR1
and BCR2, and the Fabry-Perot interference phase φ, car-
rier densities (n1 and n2) and mobilities µ1 and µ2 in top
and bottom surface states, respectively. Parameters used are:
panel (a) BCR1 = 2.8 T, BCR2 = 3.4 T, φ = 12
◦, n1 =
2.5×1011 cm−2, n2 = 0.7×1011 cm−2, µ1 = 3×104 cm2/V·s,
µ2 = 2.3 × 104 cm2/V·s; panel (b) BCR1 = 2.6 T, BCR2 =
3.3 T, φ = 0, n1 = 0.8 × 1011 cm−2, n2 = 0.34 × 1011 cm−2,
µ1 = 5.6 × 104 cm2/V·s, µ2 = 5.3 × 104 cm2/V·s; and
panel (c) BCR1 = 2.1 T, BCR2 = 2.6 T, φ = 0, n1 =
0.5×1011 cm−2, n2 = 0.1×1011 cm−2, µ1 = 6×104 cm2/V·s,
µ2 = 10× 104 cm2/V·s.
V. DISCUSSION AND THEORY OF
CYCLOTRON RESONANCE ASSISTED
PHOTOGALVANIC CURRENT
Below we analyse the data on the CR response of the
surface states in transmission and photocurrent and pos-
sible reasons for partial strain remaining in 200 nm thick
HgTe films. We discuss fits used for the data on the ra-
diation transmission, address the origin of the photocur-
rent excited in (013)-oriented films, explain the observed
difference in the sign of the CR induced photocurrents,
and discuss the surprising observation that CR assisted
photocurrents in (001)-grown films have been excited by
normally incident radiation and for magnetic fields ap-
plied perpendicularly to the film surface.
A. Surface states and strain relaxation
The data described above demonstrate that, in spite
of the fact that the thickness of 200 nm films is slightly
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BCR1 and BCR2 obtained from transmission measurements
on 200 nm (squares) and 80 nm (circles) thick (013)-oriented
films. The inset shows dependecies of z-components of BCR1,2
on tilt angle θ. Here, the normal component of the CR mag-
netic field, given by BCR1,CR2 cos(θ), is plotted against the
tilting angle.
larger than the estimated critical thickness of lattice re-
laxation, the surface states with characteristics very close
to those of the fully strained 80 nm 3D TI films can
clearly be detected. This conclusion is supported by:
(i) two-dimensional origin of the CR (Fig. 6, inset), (ii)
presence of two CRs corresponding to excitation of the
bottom and top surfaces (Figs. 3, 4, 6, 7), and (iii) very
close values of cyclotron masses obtained from both reso-
nances in (013)-grown 200 and 80 nm thick films (Fig. 6).
Our results are in agreement with magnetotransport and
X-ray data, see Ref. [14], obtained on samples made
from the same wafers as samples studied in the present
work. An additional direct support of our conclusion on
the detection of resonances excited in topological surface
states can be found in Ref. [14]. In this work, a 200 nm
HgTe film made from the same wafer as here was inves-
tigated by means of transport measurements combined
with capacitance spectroscopy. The detailed analysis of
Shubnikov-de Haas oscillations both in conductivity and
capacitance allowed to unambiguously distinguish three
groups of electrons identified as bulk electrons and elec-
trons on the top and bottom surfaces. It was established
that the surface states are spin non-degenerate, while the
bulk electrons are spin-degenerate.
The X-ray diffraction measurements demonstrated
that the 200 nm thick film still has about 60% strain
(100% means that HgTe film is fully strained and has
an indirect bulk band gap of the order of 15 meV,3,9,12
0% means that it is fully relaxed to its own lattice con-
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FIG. 7: Typical magnetic field dependencies of the photosig-
nals Ux ∝ Jx and Uy ∝ Jy. The data in two panels were
obtained on the 200 nm film at different temperatures. Red
thick arrows in insets sketch the direction of the total pho-
tocurrent. Horizontal and vertical arrows display the x- and
y-projections of the photocurrent J measured in the experi-
ment.
stant and has few meV of band overlap). Let us discuss
possible reasons of the considerable remaining strain in
films with substantially larger thickness as compared to
the estimated critical thickness reported previously. Cal-
culations of the critical thickness of a strained epitaxial
film, above which the formation of misfit dislocations re-
ducing the strain becomes energetically favourable, usu-
ally rely on the Matthews model.24 This model employs
an equilibrium thermodynamic approach, and thus ne-
glects kinetic factors related to dislocation formation at
a finite rate of epitaxial growth. The Matthews approxi-
mation demonstrates good agreement with experimental
data in the case of large mismatch of the lattice param-
eters between the epilayer and substrate, but is less reli-
able for small misfits typical for HgTe/CdTe heterostruc-
tures. Furthermore, experimental data for low-strain
semiconductor systems demonstrate that the mechanism
of strain relaxation is not sufficiently well described by
existing models.25–27 For instance, a discrepancy reach-
ing two orders of magnitude between observed and cal-
culated values of the critical thickness was reported for
low-strain GexSi1−x/Si.28
A further reason is the substrate orientation. The-
oretical values for the critical thickness of HgTe on
(001)-oriented CdTe (lattice mismatch of about 0.3%)
range between 50 nm, see Ref. [29], and 200 nm, see
Refs. [3,30,31]. In the case of Hg0.7Cd0.3Te grown on
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measured for the gated 200 nm thick sample at different ef-
fective gate voltages, Ueffg = Ug − UCNPg , where UCNPg is the
gate voltage corresponding to the charge neutrality point (ver-
tical green line). Note that the data for different Ueffg are y-
shifted for clarity. Inset shows the gate voltage dependence
of the BCR1 position. Right axis indicates the corresponding
cyclotron mass mCR1/m0.
(013)-oriented CdTe like in samples studied here, the
lattice mismatch is 0, 216% and the calculated critical
thickness varies from 47.5 to 344 nm for 12 possible slip
systems of dislocations classified by orientation of the
slip plane and Burgers vector.32 The experimental part
of Ref. [32] reports that dislocations begin to form when
the film thickness exceeds 80 nm. Starting from 150 nm,
a dislocation network emerges which results in about 40%
strain relaxation. Similar results on relaxation in HgTe
on (001)-oriented CdTe are reported in Ref. [31].
At last, but not least, the situation becomes even more
complex in multilayer heterostructures grown on sub-
strates with large mismatch, such as HgTe films grown
on GaAs substrate with additional ZnTe and CdTe layers
(CdTe/ZnTe/GaAs). In this case it is necessary to take
into account significantly different thermal expansion co-
efficients of GaAs and epitaxial layers. In the presence
of this additional factor, one can expect that strain re-
mains strong even for heterostructures containing thick
HgTe films, especially after the sample is cooled down for
low-temperature measurements.
7Summarizing, the observation that considerable strain
remains in HgTe films with thickness larger than the
critical thickness calculated in the framework of the
Matthews model is attributed to the necessity to extend
the model by (i) considering of the dislocation network
formation and/or additional relaxation mechanism in the
HgTe/CdTe system, (ii) crystallographic orientation of
the substrate, as well as (iii) different thermal expansion
coefficients of GaAs substrate and epitaxial layers.
B. Transmission fits
Our analysis of the transmission data follows Ref. [33]
and is similar to that presented in Refs. [34–37]. We
consider a circularly polarized wave with frequency ω/2pi
normally incident upon a sample which is modeled as a
dielectric slab of thickness w (it represents the thick GaAs
substrate having the refraction index n = 3.6) with an
infinitely thin conducting layer on top of it (character-
ized by the total dynamic conductivity combining con-
tributions of surface and bulk carriers of the conducting
HgTe layer). This model takes into account that the
whole MBE-grown heterostructure containing the HgTe
layer has a thickness much smaller than the wavelength
and, in this sense, is effectively two-dimensional. By con-
trast, the optical phase shift φ = nωw/c across the sub-
strate is large, φ  1, which necessitates an account
for multiple reflections between the dielectric interfaces
(Fabry-Perot interference). The resulting expression for
the power transmission has the following form:33,34
T =
∣∣∣∣(1 + σ˜) cosφ− i1 + n2 + 2σ˜2n sinφ
∣∣∣∣−2 . (1)
Here the dimensionless σ˜ = σ/20c represents the com-
plex dynamic conductivity σ = σxx(ω) + iσxy(ω) (we
assume isotropic transport in the HgTe layer, σxx = σyy
and σyx = −σxy); 0 is the permittivity of free space.
Using the Drude expression for the ac conductivity, one
obtains
σ˜ =
Γ
γ − i(1 + ωc/ω) . (2)
Here ωc = eB/m is the cyclotron frequency. The dimen-
sionless parameter
Γ =
e2ne
20cmω
=
0.301 T
BCR
ne
1012 cm−2
(3)
represents the so called radiative or superradiant
decay.34–37 It is fully determined by the electron den-
sity ne and the position of the CR BCR = ωm/e. The
dimensionless parameter
γ =
1
ωτ
=
1
µBCR
(4)
represents the transport relaxation time τ and corre-
sponding mobility µ. Expressions above correspond to
the left-handed circular polarization (CR at ωc = −ω),
while those for the right-handed polarization are ob-
tained via the substitution ωc → −ωc. In the case of
several carrier types, σ˜ is given by the sum of conduc-
tivities in all transport channels. Therefore, apart from
the unknown Fabry-Perot interference phase φ, the B-
dependence of the transmitted power is determined by
the cyclotron masses, concentrations, and mobilities of
all individual components. The fit parameters used in
the calculations are provided in captions to Figs. 3 and
5. It is seen that our transmission data can indeed be
well described by the above theory. The fit parameters
are in agreement with recent transport measurements
(see Ref. [14]) which allow one to extract basic transport
quantities for individual layers and the bulk. In particu-
lar, in transmission fits we obtained the electron density
in top surface states about 3 times larger than that in
the bottom states, in full agreement with more recent re-
sults of Ref. [14], see Fig. 3 there. Due to Fabry-Perot
interference the form of the CR dips in magnetotrans-
mission is sometimes found rather asymmetric, see e.g.
Fig. 5(a). The usual symmetric Lorentzian form is re-
covered only for φ/pi close to integer values (constructive
interference) or half-integer values (destructive interfer-
ence) provided that the CR features originating from dif-
ferent transport channels are well separated. The broad-
ening of the CR is affected by both γ and Γ, which in
our case are comparable in magnitude. The transport
data in Fig. 2 suggest that in the studied temperature
range mobility (and, therefore, γ) stays constant, while
the density (Γ) increases by an order of magnitude. This
is consistent with our observation of two separate sharp
CR dips in transmission in Fig. 3(b) at T = 30 K and
their strong broadening and merging at higher T = 60 K
in Fig. 5(a).
C. PGE theory
Cyclotron resonance assisted photocurrents have been
previously detected in different materials including
InSb/InAlSb quantum wells (QWs),38 3D TI HgTe
strained films,12 and HgTe QWs of different thicknesses
including the critical thickness.39 Despite similar man-
ifestation and phenomenological description, the micro-
scopic origin of the effect is not universal. The underlying
microscopic mechanisms can involve both spin and or-
bital degrees of freedom, and are sensitive to details of the
band structure. A theoretical model of the orbital CR-
induced photogalvanic currents in 3D TI HgTe strained
films has been introduced in Ref. [12]. It describes B-
dependent photocurrents emerging under a uniform illu-
mination in systems with linear dispersion lacking spatial
inversion symmetry. A detailed theory of the linear pho-
togalvanic effect caused by magneto-induced asymmetry
under photoexcitation for asymmetric QWs and for sur-
face states of bulk TIs was developed in Refs. [40,41]. In
particular, the theory predicts a resonant enhancement of
8the photocurrents in the vicinity of CR. Here we present a
theory of the photocurrent generated in the process of en-
ergy relaxation of photo-excited carriers, which explains
all major experimental findings presented above. The
key ingredient of the model is an asymmetry of electron-
phonon scattering rate in the momentum space which
emerges in the presence of an applied magnetic field.
In thick films, as discussed in the present work, the
penetration depth of wavefunctions in both surface states
is much smaller than the film width. Thus the coupling
between surface states is negligibly small, which allows us
to treat them independently. At each of the interfaces,
we consider the process of energy relaxation of a spin-
nondegenerate two-dimensional electron gas heated by
the THz radiation. It is assumed that at experimentally
relevant low temperatures the momentum relaxation of
carriers in the surface states is dominated by elastic scat-
tering off static defects, while the energy relaxation of
photo-excited carriers is determined by their interaction
with acoustic phonons.
Under continuous illumination, electrons partially ab-
sorb the energy of THz radiation and transfer the ab-
sorbed energy to the phonon bath. This energy trans-
fer is naturally accompanied by heating of the elec-
tron subsystem. We assume that frequent electron-
electron collisions lead to fast exchange of energy lead-
ing to thermalization of the photo-excited carriers. As
a result, the isotropic part of the steady-state nonequi-
librium distribution function has a Fermi-Dirac form,
f
(0)
k = 1/{exp[(εk − εF )/Te] + 1}. Here k and εk de-
note the momentum and energy spectrum of electrons,
εF is the chemical potential, and Te = T + ∆T is the
effective electron temperature, which is higher than the
temperature of the phonon bath T .
The asymmetry of electron-phonon scattering rate in
k-space leads to emergence of an anisotropic part δfk
of the steady-state nonequilibrium distribution function,
which can be found from the Boltzmann equation,
δfk
τ
+
e
h¯
[vk ×B]∂δfk
∂k
= St(ph)[f
(0)
k ]. (5)
Here the first term describes momentum relaxation (τ
is the transport relaxation time), the second term de-
scribes cyclotron motion (vk is the group velocity), and
St(ph)[f
(0)
k ] is the electron-phonon collision integral. In
the latter, we replaced the full distribution function with
f
(0)
k . This corresponds to the leading first-order pertur-
bation theory for the anisotropic correction δfk with re-
spect to a weak asymmetry of St(ph).
The electron-phonon collision integral is given by42
St(ph)[f (0)] =
∑
k′,q,±
W±k′k(q)f
(0)
k′ (1− f (0)k )N±q
−W±k′k(q)f (0)k (1− f (0)k′ )N±q ,
where W±k′k(q) =
2pi
h¯
|M±k′k(q)|2δ(εk′ − εk ± h¯Ωq) is the
scattering probability, q is the phonon wave vector, N−q
is the phonon occupation number, N+q = N
−
q + 1, and ±
correspond to phonon emission/absorption. The matrix
elements M±k′k(q) are Hermitian conjugates, M
−
k′k(q) =
[M+kk′(q)]
∗. In the relevant T - and q-range, the occu-
pation numbers for acoustic phonons are large, N−q '
T/h¯Ωq  1. The anisotropic correction δfk found from
Eq. (5) yields the electric current j = e
∑
vkfk given by
j = e
τ
1 + ω2cτ
2
∑
k,k′,q
{(vk−vk′)+ωcτ [(vk−vk′)×oz]}×
W−k′k(q)[f
(0)
k′ (1− f (0)k )N+q − f (0)k (1− f (0)k′ )N−q ] . (6)
Here ωc = eBz/m is the cyclotron frequency, and oz is
the unit vector normal to the surface. Assuming ∆T 
T , we linearize Eq. (6) with respect to ∆T using the
relation f
(0)
k′ (1− f (0)k )N+q − f (0)k (1− f (0)k′ )N−q ≈ f (0)k′ (1−
f
(0)
k )∆T/T . In turn, the temperature difference ∆T can
be related to the intensity of radiation I from the energy
balance equation
Iη(ω) =
∑
k
εkSt
(ph)[f
(0)
k ] ,
where η(ω) is the absorbance.
In the absence of a static magnetic field the current
(6) vanishes due to the time reversal symmetry (TRS).
In the presense of magnetic field the TRS operation in-
volves the inversion of the magnetic field orientation,
W−k′,k(q,B) = W
+
−k,−k′(−q,−B). As a result, magneto-
induced asymmetry of electron scattering by phonons be-
comes possible, with the lowest order correction being
proportional to Bz,
|M−k′k(q)|2 = δk′,k+q‖ [w0 + w1Bzg · (k′ + k)] . (7)
Here the Kronecker delta δk′,k+q‖ expresses the mo-
mentum conservation law, q‖ is the in-plane component
of the phonon momentum, and g is the in-plane vector
which defines the scattering anisotropy. Phenomenologi-
cally, this type of scattering asymmetry is similar to that
obtained in Ref. [43] for quantum wells or in Refs. [44–46]
for the spin-dependent scattering. A specific property of
structures with (013) surface orientation is their low in-
plane symmetry described by the C1 point group. In this
case, symmetry imposes no restrictions on the orientation
of the two-dimensional vector g.
Taking into account that the out-of-plane component
of phonons is typically large, qz  |k−k′| = q‖, one can
perform an explicit summation over k, k′ and q in Eq. 6
with scattering probability (7). The resulting expression
for the photocurrent reads
j = −eIη(ω)Bz g + ωcτg⊥
1 + ω2cτ
2
ξ
〈|qz|w1〉
〈|qz|w0〉 . (8)
Here g⊥ = [g × oz] is the in-plane vector perpendicular
to the vector g, triangle brackets stand for averaging over
qz and directions of k and k
′. The parameter ξ = 1 +
9m∂2εp/∂p
2 reduces to a numerical factor ξ = 1(2) for
the linear (parabolic) spectrum of the charge carriers.
We note that all functions here are defined at the Fermi
level.
Due to the CR peak in the absorbance η(ω), the pho-
tocurrent in Eq. (8) is resonantly enhanced when the
radiation frequency ω matches the cyclotron frequency
ωc, thus reproducing the behavior observed in all studied
samples, see Figs. 3− 6. As expected, for circularly po-
larized radiation peaks are present only for one magnetic
field polarity, whereas for linearly polarized radiation the
resonant enhancement of the photocurrent is observed for
both magnetic field polarities. The CR position is defined
by the band structure and is different for top and bottom
surfaces, see Tab. I. The cyclotron masses obtained from
magnetic fields BCR1 and BCR2 agree well with the esti-
mated cyclotron masses of surface states obtained by k ·p
calculations of the band structure12 adapting the proce-
dure described in the supplementary material to Ref. [3]
and Refs. [47,48].
According to Eq. (8), the projections of the generated
total photocurrent on the x and y directions are given by
jx = −eIη(ω)Bz gx + ωcτgy
1 + ω2cτ
2
ξ
〈|qz|w1〉
〈|qz|w0〉 ,
jy = −eIη(ω)Bz gy − ωcτgx
1 + ω2cτ
2
ξ
〈|qz|w1〉
〈|qz|w0〉 . (9)
While the magnitude of generated photocurrent is pro-
portional to |g|, its direction depends both on the direc-
tion of g and on the value of parameter ωcτ . Moreover,
in (013)-grown structures possessing no non-trivial in-
plane point symmetry operations, the orientation of g
is not bound to any crystallographic direction and thus
may depend on temperature, gate voltage, carrier den-
sity etc., see Ref. [23]. This can explain the observed sign
changes of the resonant photocurrent, both under rever-
sal of the magnetic field polarity and due to variations
of other experimental parameters such as temperature.
A clear indication of such changes is presented in Fig. 7
showing that the y-projection of the resonant photocur-
rent at BCR2 changes its sign with temperature. Note
that in previous work on zero-B photogalvanic currents
in (013)-grown HgTe QWs a change of sign of the photo-
galvanic current projection with increase of temperature
has also been detected for certain projections of the total
current.23 Equations (9) show that the current projec-
tions jx and jy can be both even or odd functions of Bz,
depending on the relative orientation of the vector g and
the axis along which the photocurrent is measured. This
is also detected in our experiments, see Fig. 4.
D. Photocurrents in (001)-grown films
We now turn to the discussion of our findings on the
80 nm HgTe film grown in (001) orientation, see Fig. 4(d).
Our samples are grown on GaAs substrates. There are
several reasons for that. First, we have access to high-
quality GaAs wafers only and not to CdTe ones. Second,
the lattice mismatch between GaAs and CdTe is too high
(13.6%) for a defect-free MBE growth. In order to reduce
the lattice mismatch, we use a thin ZnTe layer having the
lattice constant in between of CdTe and GaAs. The de-
tails can be found in Ref. [49]. Third, the (013) growth
direction was experimentally found to be the optimal one,
giving the maximum crystalline quality. The growth on
the vicinal surface with (013) orientation reduces the dis-
sociation energy of two-atomic Te molecules. The details
of this process can be found in Ref. [50].
The fact that the photocurrent, either resonant or non-
resonant, can be excited at normal incidence and for a
magnetic field perpendicular to the film surface is sur-
prising. Indeed, bulk mercury telluride has zinc-blende
structure which has a Td point symmetry group. The
interface between the HgTe film and the CdHgTe cap
layer in (001)-grown structure makes z and −z direc-
tions non-equivalent, which reduces the symmetry of the
system from Td down to C2v, with one two-fold rotation
axis and two mirror planes shown in Fig. 9(a). In sys-
tems that have a two-fold rotation axis photocurrents can
be observed only for oblique incidence of radiation when
both the in-plane and normal components of the radia-
tion electric field are present. Indeed, the general phe-
nomenological expression for the photocurrent reads51–53
jλ =
∑
µν
χλµν(B)EµE
∗
ν , (10)
with a third rank tensor χ depending on the static mag-
netic field B. For the particular mechanism of photocur-
rent considered above, the tensor χ is proportional to
the absorbance η(ω), see Eqs. (8) and (9). In our experi-
ments, the magnetic field is applied along the growth di-
rection, B = (0, 0, Bz); the THz electric field is polarized
in the film plane, such that all indices λ, µ, ν belong to
the (x, y)-plane. Under C2 rotation in the (x, y)-plane,
Bz and χ remain intact, while the in-plane current jλ
and components of THz electric field Eµ and E
∗
ν change
sign. Thus the left-hand side jλ in Eq. (10) transforms to
−jλ, while the right-hand side remains unaltered. The
C2 symmetry therefore dictates that the corresponding
components of χ must vanish, and prohibits photocur-
rent generation at normal incidence in systems described
by the C2 point groups or point group of higher symme-
try. On the other hand, we clearly observe a photosignal
on a fully strained 80 nm HgTe film with (001) orien-
tation that exhibits two distinct peaks due to cyclotron
resonance in the top and bottom surface layer of the film,
see Fig. 4(d). Combined with the above symmetry argu-
ment, these observations suggest that in our sample there
should be a mechanism that lowers the symmetry group
down to Cs or C1.
An obvious candidate for the mechanism responsible
for the symmetry reduction is deformation caused by
a lattice mismatch between different components of the
grown heterostructure. However, in the case of (001)-
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grown structures such strain is not expected to lower the
symmetry of interfaces. Indeed, the deformation of the
HgTe film is defined by the CdTe layer. The in-plane lat-
tice constant is the same throughout the structure and
equal to aCdTe, the lattice constant of CdTe. In this case
the components of the strain tensor inside the HgTe film
are given by xx = yy = aCdTe/aHgTe − 1, xy = xz =
yz = 0, and zz = −2c12(aCdTe/aHgTe−1)/c11, where c11
and c12 are elastic constants (here x, y and z denote the
main crystallographic axes). This kind of deformation of
the unit cell does not exclude any of the symmetry ele-
ments of the C2v point group. As illustrated in Fig. 9(b),
the two-fold rotation axis survives as an element of the
symmetry group even under more general conditions
which can in principle be superimposed by lattice match-
ing in (001)-oriented structures for the strain tensor. In
this case, xx 6= yy and xy 6= 0, while other compo-
nents xz = 0, yz = 0, and zz = −c12(yy + xx)/c11
can be found from minimization of free elastic energy.
As mentioned above, HgCdTe/HgTe/HgCdTe epilayers
grown on GaAs substrate possess not only the relaxation
stress induced by the mismatch of these materials but
also significantly different thermal expansion coefficients
of GaAs and epitaxial layers. However, by the same ar-
gument the related stress is not expected to lower the
symmetry of the interface. We conclude that in the pres-
ence of strain photocurrents should still be forbidden un-
der normal incidence of radiation due to high symmetry
of the system.
Another possible reason for the symmetry reduction
could be misorientation of the film surface from the (001)-
plane by a small angle of several degrees.54 However, this
contradicts the results of X-ray measurements showing
that the deviations of both the substrate and the film
from the (001)-plane do not exceed 5 angular minutes
(not shown). While the origin of the symmetry reduction
is presently unclear, the fact that the cyclotron masses
of (001)-grown 80 nm HgTe films are 25% lower than the
masses of the (013)-grown films may indicate that some
structural defects are present in the films grown along
[001] direction.
VI. SUMMARY
To summarize, our experiments demonstrate that
topological states originating from the inverted band
structure of HgTe persist in partially strained 200 nm
films grown on (013)-oriented GaAs substrate and be-
have similar to fully strained 70÷80 nm films with a bulk
gap.4,9,12 This conclusion is supported by the observation
of cyclotron resonances in transmission and photocur-
rent measurements. Experiments in tilted magnetic field
prove that the resonances originate from two-dimensional
surface states. Both methods indicate the presence of
two cyclotron resonances positioned at slightly differ-
ent magnetic fields. The cyclotron masses of approxi-
mately 0.03 and 0.04m0 obtained from the positions of
FIG. 9: (a) Schematic representation of symmetry operations
in HgTe without strain: Two mirror planes, shown by semi-
transparent colors, and one two-fold rotation axis. (b) De-
formed unit cell of HgTe: The two-fold rotation axis remains
a symmetry element of the considered system.
CRs correspond well to the values previously reported
for the top and bottom surface states in 80 nm HgTe
films.12 This fact provides an evidence that topological
surface states are robust to the existence of bulk car-
riers. Our findings are in agreement with the magne-
totransport and capacitance data obtained on samples
prepared from the same wafer and showing the existence
of spin non-degenerate surface states.14 The remaining
considerable stain in rather thick films grown on GaAs
substrates, previously detected by X-ray diffraction,14 is
discussed in our paper in terms of desirable extensions of
the Matthews model which may include the dislocation
network formation as well as different thermal expansion
coefficients of GaAs and HgCdTe/HgTe/CdHgTe/CdTe
epitaxial layers. Our magnetotransport data show that
the surface carriers of the system are high mobility elec-
trons, coexisting with electrons and/or holes in the bulk.
We further present a detailed theory of the cyclotron
resonance assisted photogalvanic current in the surface
states, and discuss specifics of the photocurrent genera-
tion in structures belonging to the C1 point symmetry
group.
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